Reductive amination with n-hexylamine followed by permethylation was used as a procedure for the liquid secondary ion mass spectrometry (LSIMS) analysis of Asn-linked oligo saccharides. Initial experiments with this procedure were performed on maltoheptaose. These experiments show that exhaustive methylation at the newly formed secondary nitrogen forms a quaternary ammonium salt. When this is subjected to positive ion LSIMS, an abundant M+ ion is observed. This procedure was applied to the Asn-linked oligosaccharides released from human transferrin and ribonuclease-B. The reductively aminated, permethylated mixture of oligosaccharides from ribonuclease-B afforded a positive ion LSI mass spectrum in which M+ ions for Mans_9GlcNAc2 could be assigned. The positive ion LSI mass spectrum obtained from the mixture of oligo saccharides isolated from human transferrin showed M+ ions that could be assigned to both monosialylated and disialylated biantennary complex type oligosaccharides. Reductive amination followed by permethylation of the Asn-linked oligosaccharides isolated from baculovirus expressed mouse interleukin-3 produced in Bombyx mori gave a positive ion LSI mass spectrum in which the oligosaccharides could be assigned the monosaccharide composition Man 2 _ 4[Fuc]GlcNAc 2 and Man 2GlcNAc 2 • These are believed to be dimannose, trimannose, and tetramannose chitobiose core oligo saccharides, three of which are fucosylated. (J Am Soc Mass Spectrom 1992, 3, 345-352) O ligosaccarides have been shown to be directly associated with the biological activity of many glycoproteins [1] [2] [3] [4] ; therefore, a thorough knowledge of glycoprotein oligosaccharide structure may be a key step in understanding their mechanisms of activity. Many analytical techniques have been developed for the analysis of oligosaccharides, and one very useful technique has been mass spectrometry (5, 6] . Liquid secondary ion mass spectrometry (LSIMS) is the tool that has given the glycoprotein researcher the ability to accurately measure the mass of oligosaccharides and to obtain structurally significant sequence information [7, 8] . LSIMS combined with other analytical techniques, such as gas chromotography/mass spectrometry, becomes a powerful tool in the structure elucidation of glycoprotein oligo saccharides.
Reductive amination with n-hexylamine followed by permethylation was used as a procedure for the liquid secondary ion mass spectrometry (LSIMS) analysis of Asn-linked oligo saccharides. Initial experiments with this procedure were performed on maltoheptaose. These experiments show that exhaustive methylation at the newly formed secondary nitrogen forms a quaternary ammonium salt. When this is subjected to positive ion LSIMS, an abundant M+ ion is observed. This procedure was applied to the Asn-linked oligosaccharides released from human transferrin and ribonuclease-B. The reductively aminated, permethylated mixture of oligosaccharides from ribonuclease-B afforded a positive ion LSI mass spectrum in which M+ ions for Mans_9GlcNAc2 could be assigned. The positive ion LSI mass spectrum obtained from the mixture of oligo saccharides isolated from human transferrin showed M+ ions that could be assigned to both monosialylated and disialylated biantennary complex type oligosaccharides. Reductive amination followed by permethylation of the Asn-linked oligosaccharides isolated from baculovirus expressed mouse interleukin-3 produced in Bombyx mori gave a positive ion LSI mass spectrum in which the oligosaccharides could be assigned the monosaccharide composition Man 2 _ 4[Fuc]GlcNAc 2 and Man 2GlcNAc 2 • These are believed to be dimannose, trimannose, and tetramannose chitobiose core oligo saccharides, three of which are fucosylated. (J Am Soc Mass Spectrom 1992, 3, [345] [346] [347] [348] [349] [350] [351] [352] O ligosaccarides have been shown to be directly associated with the biological activity of many glycoproteins [1] [2] [3] [4] ; therefore, a thorough knowledge of glycoprotein oligosaccharide structure may be a key step in understanding their mechanisms of activity. Many analytical techniques have been developed for the analysis of oligosaccharides, and one very useful technique has been mass spectrometry (5, 6] . Liquid secondary ion mass spectrometry (LSIMS) is the tool that has given the glycoprotein researcher the ability to accurately measure the mass of oligosaccharides and to obtain structurally significant sequence information [7, 8] . LSIMS combined with other analytical techniques, such as gas chromotography/mass spectrometry, becomes a powerful tool in the structure elucidation of glycoprotein oligo saccharides.
The inherent insensitivity of oligosaccharides to LSIMS requires that they be derivatized to analyze the microscale quantities often obtained from glycoproteins. Many excellent derivatization methods have been developed for the mass spectrometric analysis of oligosaccharides [5] , and two techniques, peracetylation and permethylation, have been extensively used. Problems often encountered when permethylation is employed are undermethylation and sodium ion adduction. Undermethylation can make the assignment of the molecular ion difficult, while both undermethylation and sodium ion adduction spread the molecular ion over a range of masses decreasing its intensity.
Another class of derivative that has been developed makes use of aromatic amines that are attached to the reducing end of the oligosaccharide by reductive amination [9] [10] [11] [12] [13] .
This procedure was firs] developed as a method to introduce a chromophore on the oligosaccharide to aid in UV or fluorescence detection during chromatography (10) (11) (12) 14] . It was also found that these derivatized oligosaccharides were amenable to LSIM:S analysis. The derivative that has seen the most J Am Soc Mass Spectrom 1992, 3, [345] [346] [347] [348] [349] [350] [351] [352] Amount (ng) frequent use has been ethyl p-aminobenzoate and good results have been obtained using this derivative. It has also been shown that by increasing the length of the n-alkyl chain of n-alkyl p-aminobenzoates from ethyl to tetradecyl. a significant increase in their mass spectral sensitivity is observed [9] . A problem with these derivatives is that as the ester chain length increases, the solubility of the derivative decreases and thus the yield of the derivatized oligosaccharide also decreases. Also, the higher homologs (n-hexyl, n-octyl, n-decyl, and n-tetradecyl) are not readily available and, therefore, must be prepared in house.
The advantage of derivatization with aromatic amines is the increased UV absorbance for detection during separation and desalting of the oligosaccharides by high-performance liquid chromatography (HPLC). Recent developments in high pH anion exchange chromotography (HPAEC) coupled with pulsed amperometric detection (PAD) has made available a system with which oligosaccharides can be detected with excellent sensitivity (10-100 pmol) and separated with high resolution [15-19J . The PAD system eliminates the need for a chromophore and thus attachment of the aromatic amine prior to separation is unnecessary. Desalting of the oligosaccharides can be achieved by a simple microscale gel filtration column rather than desalting by HPLC, as suggested for the p-aminobenzoate esters.
In our laboratory we need a reliable derivatization method for the LSIMS analysis of Asn-linked glycoprotein oligosaccharides. We found permethylation to be inconsistent in obtaining high quality LSIMS spectra; therefore, a study on the use of n-alkylamines, in conjunction with permethylation, as derivatives for the enhancement of the molecular ion of glycoprotein oligo saccharides was undertaken. These alkylamines are readily available and they are soluble in the alcoholic solution of this reaction. In this article we describe the initial studies on the use of n-hexylamine for the LSIMS analysis of oligosaccharides. Preliminary experiments on maltoheptaose and the Asnlinked oligosaccharides from bovine pancreatic ribonuclease B and human transferrin are presented. Also presented are preliminary data on the use of n-hexylamine with permethylation for the LSIMS analysis of Asn-linked oligo saccharides released from baculovirus expressed mouse interleukin-3 (IL-3) produced in silkworm (Bambyx mari) [20, 21] .
Results and Discussion

Maltoheptaose
Our initial experiments on reductive ami nation with n-hexylamine were performed on maltoheptaose. The extent of the reaction was determined by analyzing for the disappearance of maItoheptaose by HPAEC-PAD. No maltoheptaose was observed after -18 h (see Experimental). When the n-hexylamine derivatized maltoheptaose was subjected to either negative or positive ion LSIMS, abundant molecular ions were observed (data not shown). Sequence ions for both spectra were consistent with the reported fragments of other reductive amination methods [10, 13] . Sensitivity studies were performed on the reductively aminated maltoheptaose in the positive ion mode. Serial dilutions of a stock solution of the derivatized oligosaccharide were analyzed. These experiments showed that an excellent molecular ion region spectrum can be obtained with 125 ng (101 pmol) of sample, giving a signal-to-noise (SIN) ratio of 19/1 (Figure 1a) . The molecular ion peak could still be recorded with an SIN ratio of 2/1 when 16 ng (13 pmol) of sample was applied to the probe. These data are comparable to those obtained with n-hexyl and n-octyl p-aminobenzoates [9] . Although we did not make a detailed comparative study of the relative merits of the n-alkyl p-aminobenzoates versus those of the n-alkylamines, in our hands we found that the ethyl p-aminobenzoate was a more difficult derivative to use than the n-hexylamine. Preliminary results with the higher homologs (n-heptyl through n-decyl) of the alkylamines, all of which are commercially available, show that these compounds do not suffer the same solubility problems as the long-chain benzoate esters.
To examine the mass spectral behavior of this derivative when. used in conjunction with other derivatization procedures, the n-hexylamine derivatized maltoheptaose was peracetylated or permethylated and subjected to positive ion LSIMS. Peracetylation of the n-hexylamine derivatized maltoheptaose afforded a positive ion LSIMS spectrum with an MH+ 
Human Transferrin and Ribonuclease B
After having obtained good sensitivity by using the n-hexylamine-permethylation procedure, the general utility of this procedure for the analysis of glycoprotein oligo saccharides was examined. Human transferrin and bovine pancreatic ribonuclease B were chosen as models for this work.
Human transferrin is reported to contain both triantennary and biantennary Asn-linked complex-type oligosaccharides [27, 28] . The major glycans are biantennary and differ only in their number of neuraminic acid residues, disialylated and monosiaIylated, with the disialylated species predominating [18, 27, 28] . Reductive amination with n-hexylamine followed by permethylation was performed on the Nglycanase released mixture of oligosaccharides from transferrin. This was then subjected to positive ion LSIMS ( Figure 3 ). The high mass region of the spectrum shows two M+ ions that correspond to the molecular ions of monosialylated and disialylated species: m/ z 2523 and 2885. Also observed is cleavage at the chitobiose unit for the disialylated species with m / z 2494. Peaks in the low mass region could be assigned to all the expected permethylated fragments ( Figure 4 ) [7, 8] .
The glycoprotein ribonuclease B is reported to contain Asn-linked high mannose type oligosaccharides Man S _ 9GlcNAc z [29, 30] . Treatment of this glycoprodrophobic oligosaccharide. This increase in sensitivity due to the preformed cation and increased surface activity has been observed previously [24] [25] [26] .
• believed to arise from the loss of neutral acetic acid by l3-elimination at positions 2,3 of each glucose ring and are observed with m / z 1711, 1423, 1135, 847, and 559. This loss has been observed in the low energy collision-induced dissociation (CID) mass spectrometry of peracetylated oligosaccharides [23] and is believed to be characteristic of a 1,4 linkage between monosaccharide residues.
The permethylation of the n-hexylamine derivatized maltoheptaose and subsequent positive ion LSIMS gave a very strong ion with m / z 1589 ( Figure  2b ). This is 15 u higher than the calculated molecular weight and is believed to be formed by exhaustive methylation at the secondary nitrogen. This forms a quaternary ammonium salt and gives an intense M+ molecular ion. Sequence ions, formed by Y-cleavage, are observed with m / z 1369, 1166, 962, 758, and 554. Fragmentation by t,SX-cleavage leaving a formyl group at the reducing end gives another series of ions 29 u higher than those resulting from Y-cleavage [22] . These are observed with mf z 1398, 1195, 991, 787, and 582.
Both peracetylation and permethylation of the nhexylamine derivatized maltoheptaose gave good spectra in positive ion LSIMS, but the permethylated compound was the more sensitive, giving an excellent spectrum with 550 pmol (compare Figure 2a and b) .
nsitivity studies were performed with the permethylated, n-hexylamine derivatized maltoheptaose and, as before, serial dilutions were made on a stock solution of the ,sample. Excellent sensitivity was achieved with 31 ng (20 pmol) of sample and the molecular ion was easily recorded with 8 ng (5 pmol) of sample (see Figure Ib) . The excellent mass spectral sensitivity of this derivatization method is believed to be the result of the formation of the quaternary ammonium ion at the amine nitrogen by permethylation. This places an already charged species at the surfaces of the matrix due to the increased surface activity of the now hy- ",.
.".
u below the M+ ion of the reductively aminated permethylated species. The predominant ion in this series has m / z 1526. These ions might also be formed by fragmentation of the molecular ion M+. This possibility was investigated by performing B/E CID linked scan experiments on the M+ ion with m / z 1671. In these experiments no ions with m / z 1526 were observed, indicating that the ions 145 u below M+ are the result of underderivatization. An improvement in the extent of reaction could be obtained if the reaction mixture was heated to 75 ·C for 2 h instead of allowing it to stand overnight. This procedure decreased the amount of underderivatization but did not eliminate it.
To determine if this derivatization procedure could be applied to oligosaccharides isolated by HPAEC-PAD, the oligosaccharides from 1.0 mg (61 nmol) of ribonuclease B were released and half of this sample was used for isolation by this procedure. HPAEC-PAD of these oligosaccharides gave the chromatogram shown in Figure 6 . The peak indicated was isolated and subjected to the reductive aminationpermethylation procedure. The derivatized sample was dissolved in 10 J.l.L of acetonitrile, and 2 ILL were used to obtain the spectrum in Figure 6 which shows the molecular ion for Man, GLcNAc 2 with m / z 1876 and its fragment with m / z 1486. The molecular ion for Man sGlcNAc2 is also observed and is due to chromatographic tailing in the collection procedure.
Interleukin-3
Having established the utility of the n-hexylamine reductive amination-permethylation procedure for These peaks could be readily assigned to molecular ions M+ for high mannose type oligosaccharides Man 5 _ 9GlcNAc 2 ( Figure 5 ). Few fragment ions were observed in this spectrum, but peaks that are due to B-type cleavage at the chitobiose disaccharide unit for Man6GlcNAc2 and MansGlcNAc2 were recorded with m/z 1486 and 1280. Another set of peaks that are 145 u lower than the M+ ions were assigned to oligosaccharides that had not reacted with the n-hexylamine. This results in a solely permethylated species in which the reducing end N-acetylglucosamine remains in the pyranose form and the anomeric hydroxyl group is methylated. B-type cleavage of this anomeric methoxy group forms an oxonium ion at the reducing end of the oligosaccharide. This ion is observed as a peak 145 wz Figure 4 . Low mass positive ion spectrum of reductively aminated, permethylated Asn-linked oligosaccharides isolated from human transferrin. Matrix: thioglycerol/glycerot (2:1).
LSIMS analysis of oligosaccharides, the analysis of the Asn-linked oligosaccharides of baculovirus expressed mouse IL-3 was undertaken. Recently we subjected this sample to electrospray mass spectral analysis. This experiment revealed the presence of four glycoproteins with masses of 16,545, 17,278, 17,422, and 17,584 u. The calculated average molecular weight of a single IL-3 glycoprotein whose structure without carbohydrate was predicted from the nucleotide sequence is 15,674 u or 15,670 u if the disulhde linkages are taken into account [31] . The estimated combined molecular weights of the carbohydrates, accordingly, would be 875, 1608, 1752, and 1844 u.
Our initial reports on the monosaccharide analysis by HPAEC-PAD [21] of the hydrolyzed glycoprotein shows the monosaccharide composition to be fucose, mannose, and N-acetylglucosamine. The presence of fucose is also substantiated by LSIMS of the acetolysis mixture of oligosaccharides from IL-3 [21] . Peracetylated ions that could be assigned to fucose and fucosy- These data obtained for the silkworm-produced IL-3 show that the Asn-linked oligosaccharides are severely truncated and extensively fucosylated. Although no direct data have been obtained on the isolated individual oligosaccharides, their structures are believed to be dimannose, trimannose, tetramannose chitobiose core oligosaccharides, three of which are fucosylated. The fucose residue is thought to be bound to the reducing end N-acetylglucosamine. This is apparent from the fragmentation at the chitobiose core unit (Figure 7 ).
Conclusion
The data presented in this article show that nalkylamines may be used to form derivatives with oligosaccharides for their analysis by LSIMS. Our initial studies with n-hexylamine and maltoheptaose show that this derivative affords mass spectral sensitivities comparable to those obtained by using the p-aminobenzoate ester derivatives. Permethylation of the reductively aminated oligosaccharides consistently gave intense molecular ions M+ with little undermethylation. OUf experiments with the model glycoproteins show that this procedure can be directly applied to the analysis of mixtures of Asn-Iinked oligosaccharides or the oligosaccharides isolated by HPAEC-PAD. This method was developed to provide a reliable procedure for the analysis of low microgram quantities of oligosaccharides by LSIMS. In our hands permethylation alone did not consistantly give the same quality spectra obtained by this alternate procedure. We feel this procedure is an excellent alternative for obtaining high quality LSIMS spectra of glycoprotein oligosaccharides. Our studies on the characterization of oligosaccharides from baculovirus expressed mouse IL-3 are continuing.
Experimental
Maltoheptaose, bovine pancreatic ribonuclease B, human transferrin, sodium cyanoborohydride, nonidet P-40 (NP-40), sodium lauryl sulfate, Sephadex G-10 gel (40-120 /A), and l3-mercaptoethanol were purchased from Sigma Chemical (St. Louis, MO). Bio-Gel P-2 (130 /l) was purchased from Bio Rad (Richmond, CA). DMSO, silylation grade, and Reacti vials were purchased from Pierce (Rockford, IL). n-Hexylamine was from Matheson Coleman and Bell (East Rutherford, NJ). Iodomethane > 99% was purchased from Fluka (Ronkonkoma, NY). Sodium hydroxide was reagent grade. Glacial acetic acid was Baker analyzed HPLC grade. All solvents were HPLC grade and water was purified by passage through a Milli-Q purification system. Sodium acetate was reagent grade from EM Science (Gibbstown, NJ). N -glycanase 
Release of Asn-linked Oligosaccharides from Glycoproteins
Oligosaccharides were released as previously described.! Glycoproteins were dissolved in 0.5% SDS/0.1 M {j-mercaptoethanol solution to give a protein concentration of 2.0 mg/ml.. These were heated in boiling water for 3.0 min then diluted to a protein concentration of 1.0 mg/mL with 0.55 M sodium phosphate buffer at pH 8.6. To this was added 7.5% (w /w) NP-40 to give a fmal concentration of 0.9 mg/mL. N-glycanase was added to give 0.1 unit of enzyme per 20 P,g of glycoprotein.
After mixing, the solution was incubated overnight (18-22 h) at 37 "C. Protein was removed by ethanol precipitation by addition of three volumes of cold ethanol. Samples were centrifuged and the supernatants were concentrated under a stream of nitrogen until a thick syrup remained (50-100 IkL). These were diluted with enough water for desalting. Oligosaccharides from transferrin and ribonuclease B were desalted on P-2 and G-10 gels, respectively, by spin gel filtration. IL-3 was not desalted at this point. The amount of each glycoprotein used was 2.1 mg of transferrin, 1.9 mg and 1.0 mg of ribonuclease B, and 240 p,g of lL-3.
Derivatization of Maltoheptaose with n-Hexylamine {14]
Maltoheptaose (1.1 mg, 0.95 p,mol-4.1 mg, 36 pmol) was dissolved in 1:1 water/ethanol solution (70 ",L to 400 p.L). To this was added freshly distilled nhexylamine (100 p.L to 400 p.L). Glacial acetic acid (20 ilL to 50 PoL) was then added and the solution was allowed to stand at room temperature for 3.5 h. To this solution was added an aqueous 1.5 M sodium cyanoborohydride solution (0.5 ml.). This was allowed to stand at room temperature overnight (18 h). Alternatively, the sodium cyanoborohydride solution was added after the n-hexylamine and adjusted to pH 5 with glacial acetic acid. This was then heated to 75 ·C for 2 h. The solution was then extracted with 2 X 300 PoL of chloroform. The aqueous layer was then concentrated under a stream of nitrogen (-50 IkL to -300 ilL). The concentrate (-50 ilL) was diluted with water to 100 p.L and desalted on a Sephadex G-I0 gel column by spin gel filtration. The 'Genzyme Data Sheet and refs 33 and 34.
larger volume (-300 ilL) was diluted to 1 mL and desalted on a Sephadex G-10 column packed in a 10-mL rnicromate glass syringe.
n-Hexylamine Derioatization of Oligosaccharides from Human Transferrin and Bovine Ribonuclease B
Conditions were the same as for maltoheptaose, except that 50 ilL of n-hexylarnine was used. Oligosaccharides from transferrin were allowed to stand at room temperature and desalted by using P-2 gel. Those from ribonuclease B were either allowed to stand at room temperature or heated to 75 "C. These were desalted by using G-I0 gel. Samples were concentrated to dryness with nitrogen and placed into a vacuum dessicator over P 20S overnight at room temperature to dry.
n-Hexylamine Derioaiization of Oligosaccharides Released from Baculovirus Expressed Interleukin-3
Conditions were the same as for maltoheptaose, except 5 /oiL of acetic acid, 15 pL n-hexylamine, and 30 /oiL sodium cyanoborohydride solution were used. This was allowed to stand at room temperature. The sample was desalted by using G-I0 gel and concentrated to dryness with nitrogen, then placed into a vacuum dessicator over P 2 0 S at room temperature overnight. Filtration [35, 36J . G-I0 and P-2 gels were washed with 0.1 M sodium acetate adjusted to pH 5.5 with pyridine. Gels were loaded into 1 mL repeatable pipet tips as a slurry. The tips were then placed into 10 x 75 mm test-tubes and centrifuged at 1400 x g for 6 min to remove the acetate solution. Samples were loaded onto the gels in no more than 50 ilL portions and centrifuged as above. 
Spin Gel
Peracetylation of n-Hexylamine Derivatized
Permethylation of n-Hexylamine Derivatized Oligosaccharides {38]
Oligosaccharides were dried as in the case of peracetylation. Samples were dissolved in 100-200 p.L of dry DMSO and stirred for 10 min at room tempera-ture. Approximately 2-3 mg of finely ground sodium hydroxide was then added, and this suspension was stirred for 6 min at room temperature. Iodomethane (50 J.lL) was then added and the solution was stirred for 6 min. An additional 50 J.lL of iodomethane was added and stirred for 10 min. The reaction was quenched with 200 /oiL of water, extracted with 3 x 200 J.lL of chloroform, and the organic layer was washed with 3 x 200 J.lL of water. Chloroform was evaporated under a stream of nitrogen. n-Hexylamine derivatized maltoheptaose (390 J.lg) were used. Oligosaccharides released from glycoproteins as described above were used.
Liquid Secondary Ion Mass Spectrometry
Mass spectrometry was carried out on a Kratos M5-50 double focusing mass spectrometer (Kratos Analytical, Ramsey, NJ) operating at a resolution of 1200-2500. A cesium ion gun operating at 12 keY or a fast atom bombardment (FAB) gun operating at 7-8 keY was used to generate the primary ion beam. Ions were accelerated from the ion source at 5.3 keY (Cs+) or 8 keY (FAB). Scans were taken at 30 s per decade over high mass ranges in raw data and 10 s per decade over low mass ranges with centroided data collection. Csl in tetraethyleneglycol was used as a calibration standard. BIE CID linked scan experiments were performed by using a DS-90 data system and a FAB source. Helium was used as a collision gas to give 50% attenuation of the parent ion. Oligosaccharides were either dissolved in water or acetonitrile for LSIMS analysis. The matrix was 1 ILL of either 3-nitrobenzyl alcohol or thioglycerol/glycerol (2:1).
High pH Anion Exchange Chromatography [18J
HPAEC was carried out on a Dionex Biol.C system by using a pellicular anion exchange column (PA-1). The oligo saccharides were detected with a pulsed amperometric detector with detection potentials set at +0.05, +0.65, and -0.94 V and pulse durations of 300, 60, and 180 ms, respectively. Semipreparative experiments were made by passing the column effluent through an anion micromembrane suppressor (Dionex AMMS) for desalting on line. The AMMS regenerant solution was 35 mM H 2S04 at a flow rate of 8 mL/min. Oligosaccharides released from ribonuclease B were eluted with the following program: Eluant A was 100 mM NaOH, eluant B was 500 mM sodium acetate, and the flow rate was 1 mL/min. The column was preequilibrated with 100% A then, after a 5 min hold period, the oligosaccharides were eluted with a linear gradient from 0% to 20% Bin 40 min.
